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ANALYSISAND MODEL TESTS OF AUTOGIRO JUMP TAkE-OFl? -.—-._.

By John B, Wheatleyand CarltonBioletti.

SUMMARY

An analysis is made of-the autogiro jump take-off,in
which the kinetic energy of the rotor turning at excess
speed is used to effect a vertical take-off. By the use of
suitableapproximations,the differentialequationof mo-
tion of the rotor during this maneuver is reducedto a
form that can be solved. Only the vertical jump was stud-
ied; the effect of a forwardmotion during the ~ump is
discussedbriefly. The resultsof model tests of the jump
take-offhave been incorporatedin the paper and used to
establishthe relativeaccuracyof the resultspredicted
from the analysis. Good agreementbetween calculation.and
experimentwas obtainedby making justifiableallowances.

INTRODUCTION

— —

One of the recent developmentsof the autogiro is the
maneuvervariouslydescribedas the IIjumptake-off,’f‘ldi-
rect take-off,”and “jumn-off.” This maneuver,hereafter
referredto as the fljump-take-off,llis a take-offwith a
flightpath initiallyvertical,effectedby the releaseof
excesskinetic energy stored in the rotor. The energy is
storedby driving the rotor at a speed greater than its
normal speed in flight,and during this process the pitch
of the rotor blades is reduced to zero. The drivingmech-
anism is disconr,ectedwhen the desired speed has been at-
tained, the rotorpitch is suddenlyincreased.to either
its normal value or a higher one, and the consequent
thrust,which is greater than the weight of the machine,
lifts it verticallyfrom the ground. During the jump, the
rotor decelerates,and t-hepropellermust be oper”atedat
full throttle so that the forward speed of the machine
wi’11be at least equal to its minimum speed in level
flight by the time that the rotor speed drops to its nor-
mal value. At this same time, if a rotorpitch ‘~sater
than normal has been employedfor the jump, this high
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pitch must be reducedto normal. The machine now contin-
ues flight from the top of the jump as if a conventional
take--offhad just %een completed.

—
—

●

✘

The jump take-offpromises two importantadvantages:,
first, take-offbecomes independentof the.type of ground
available insofaras mud, roughness,or high grass is con-
cerned;and second,the machine is enabled to clear much
higher obstaclesin a given distanceand thus can operate
from more restrictedfields.

The possibilitiesof the jump take-offhave been es-
tablishedby some full-scaleexperiments. It is the pur-
pose of this paper to studythe factors that govern the
jump take-offin its simplestform and to present,the re-
sults of model tests in which the effect of differences in
the rotor parameterswas determined.

AITALYSIS

In order to simplifythe analysis,it will be assumed
that during the jump the forwardvelocityof the machino
is zero, The justificationsof such an assumptionare:
first, that the height of jump so obtainedwill represent
a lower limit to the heightsattained in practicewhere
forwa:?dvelocitiesof varyingmagnitudeswill reduce the
inducedpower losses In the rotor; and second,tho actual
magnitudesof+he florwardvelocitiesattainedwill vary
with wind velocity,thrust-weightratio,and piloting-
techniqueand cons~quentlycannot be generalizedeven for
a single set of values of the rotor parameters.

The thrust T of a rotor at a tip-speedratio of
zero is, from reference1,

‘*

where p, air density, slug/cu. ft.

s-l, /rotor angular velocity,rad. sec.

R, rotor radius,ft.
.

‘e—

A, axihl-flowcaeffi.cient.
. .=,..... —,
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B,

0-,

a,

Similarly,

Q =$p Qa

rotor pitch angle at hub, radians. ..
differencebetween rotor pitch angles at huh
and at tip, radians.

factor multiplyingradius to allow for tip
losses.

rotor solidity,for rectangularblades equal
to number o.fblades h times blade chord c

slope of lift curve of rotor blade airfoil sec-
tion in radianmeasure.

the rotor torque Q iS

(2)
where 5 is the mean rotor blade profile-dragcoefficient;

Inspectionshows that, if cT=- T- and CQ =
p~2TTR=

. . Q-—— — —.
pnauR5’ . . ..

CQ =AGT. i$Cr& (3)

The axial flow A S2R is eqressed as follows:

?dn=-v-il

where v, rotor inducedvelocity,ft./see.

i, rotor verticalvelocity,ft./seco

From the momentum theory,as in reference1,
speed ratio is zero,

T @JT$lR
v = —-.—.
= 2p ITRaf(~~ +r

(4)

when the tip-

.——.—_ (5) ‘- ‘....

where Vi = resultantvelocityof rotor, ft./see.,and is
equal to - v - h= X S2R. Equation (5) is written in such
a way as to show that.the inducedveloci-~y”V– fii-n~&-pend-
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ent c}fthe sign of- X; but since h is always negative
during the jump,

Su.betitutefor CT from (l); then

The &quationsfor h, CT, and Cq now make possiblethe
justificationof a necessaryapproximation. On figures
1 and 2 are shown the variationof CQ with the vertical
velocitir.ratio ;/CZR for a series of values of O., with
Gl alway”szero. The computationwas made for a = O.O5
on’figur”e1 and for a = -.10 on figure2.0 It is pro-
po%ed that- CQ be assumed indeyen~entof h/oR; this aF-
proximat3.onis se?n to be reasonableon figure 1 for the
lower ‘valuesof h/CIR at all pitches less than 16°; the
error introducedby the approximationis greater in figure
2 where the solidityis 0.10 but is still reasonablysmall
for the lower ialues of L/nn● Experimentaljustification
for this assumptionwill subsequentlybe presented.

If C
f

is assumed constant during the jump, it be-
comes :possbl-eto obtain the instantaneousangularveloci-
ty of the rotor as a functionof known constants. Then

.
where ~, angularacceleration, arad.,jsec..

1, mass moment of inertiaof rotor about axis of ro-
tation, Slug-ft.a

t, time, sec. .,... ,,
Segregatingvariablesand integrating

●

✍�

.-

@_

●

✎

✎



N.A.C.A. TechnicalKote No. 582 5

(10)

Letting the time he zero at the beginningof the jum-p,and
designatingthe initial rotor angular velocityas %9

and

cl=-f#-
0

(11)

(12)
..

Now let the total weight to be lifted by the rotor he W;
then

y= T!- w (13)
—.

. .
where h is the verticalaccelerationof rotor, ft./sec.a.
The thrust T is given in (1) as a functionof Q, h,
and the physical constantsof the rotor. However, A is
a functionof ~ and S2, as seen in (8), so equation(8)
will now be examined. The radical in (8) can be expanded
by the binomial theorem;then

Iii
*

A ‘craBa–—--= 16 2m {
1 cra e. 33 + & &a EllB4
iZ }

.2
–~-~eaa B4 -&~aBa &
512

- + L –:—T
32 OR 8~ R————— ——

“{
%
——

‘1-0 a Oo 33 + il~12 aa01B4
}

+ . . . . (14)

In figures 3 and 4 are presentedvalues of A as functions
of ~/QR for severalvalues of the pitch angle O.; the
calculationwas based on a solidityof 0.05 i-n“f”igure3
and on a solidityof 0.10 in figure 4. Two methods of cal-
culating A were employed. Pirst, A was calculateddi-
rectly from (8) and, second,the first three terms of equa-
tion (14) were used. The agreementbetween the exact ex-
pression and th~ ap~roximationis consideredsatisfactory
for values of h/flR less than 0.07; it will later be
shown that the discrepancyis of such a characteras to
perhaps be desirable. It will consequentlybe assumed

—

. .
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that the first three terms of (14) constitutea satisfac-
tory expressionfor h.

Substitutefor ~ from (14) in (1); the rotor thrust
T becomes

(15)

The final substitutionrequiredis that for G’ from
(12); then

.

This expressioncan %e abbreviatedby designatingthe ini-
t=ialvalue of the thrust coefficientae Cqo, which iS

(17)

Then T becomes

pf&-rR4cTQ 1
Tad

pSlonR3aaBa.—.— — — . - -. k (18)
(~ -.::

8
f20c@2 (1 - Py r20cQt)

.—

The exp”ress.ionfor T in (18) may now be substitutedin
(13), giving

●. P%21TR4CT0 _ _ _ POQTW3WBa
h=:

.1g.....— — —— -—,~i~
(.1- t~:: QcQt)” (1 - ~;~ nocQt)

,4

—



\
.

lJ.A.G.A.- Technic”alNote No. 582

Then
K3

K+—=-;=-’—
1 -1-K2t” (1 + K2t)” - g

7

(20)
.

(21)

(22)
-..—

-.
.. ..__ __. ..___

(23)

This expressionis seen to be a linear differentialequa-
tion in h which can be integratedquite simply. Refer-
ence to a text on differentialequationsestablishesthat
the solutionof (23) is

K1 El -1 III ~1

$; IZ3--
—-

i (l+K=t) — ~
= K1-K2 (l+i:t)=’ - -—Kl+K= (l+K~t)‘8 -1-cl

(24; ‘“
By transposition

K3
G=

g (l+K2t) c1-- —.
(KI-Ka.)(l+Kat)

- +“ ——
-xl (25)

KI+If&!
(l+K2i)K”

The constant Cl is evaluatedby substitutingthe values
&=O at t=O; then

g (IZ1-K2)- K3 (X1+K2)
cl = –——--–———(~f - Iza2).

(26)

Consequently ——
K3 g(l+Kat)+

i = —–——— - -
g (IIi-Ka)-K3(Kl+K2)

(K1-K2) (I+Kat)
——

K1+Ke x; .-..(27)

(KL2-K: ) (l+K2t)Kz

Equation (27) thus expressesthe verticalvelocity ~
during the rise in terms of the time t and the known
constantsof the rotor K1, Xa, andK3. BY direct differ- -
entiationand integrationof (27), the net verticalaccel----- -. .—.~
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eratlon ~ and the height h can %e obtained. Then

And ‘-

●

✎✎

✌

—-

The constant‘% is evaluatedas before by setting h = O
when t = O;

g (K1-Ka) = E3 (E1_PK2)
Ca = –———

●-.
(K1-Ea) (K+ba ).

“(30)

.—
The resultantexpressionfor

●

h iS

K3
h

g(t+* ?Iata)
‘——-– 10g (l+Kat) - ‘-

= K~(xl-za) Kl+Xa

Equations(27),,(28),and (32) constitutethe complete
solutic~nof the equationsof ~otionof the autogiroduring
a jump take-off. The known factors requiredfor the solu-
tion are the physical characteristicsof the rotor, com-
prising the radiu~ R, the solid”itya, the lift-curve
slope a, the gross weight W, the moment of.inertia I,
the pitch angle O., and the initialspeed ~. Prom
these items“theconstants Xl, Ka, and K~ are derived,
and the ~cc%l.er~ti=on~.yer~”~calve~ocity,and verticaldfi-
placementc~n then he determined.

The ‘physical’si”gnificanceof the constants
(equations(20),

Klt Ka,
and K3 (21), and (22))may assist”in

—

●

6
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VI
obtaininga clear understandingof the analysis. The con-
stant K1 representsthe amount by‘whicha verticalv“eloc-
Ity ~ of 1 ft./see.would reduce the ratio of rotor -
thrust to the mass being lifted at the beginningof the
jump take-off. This factor occurs in the differential
equationof motion dividedby (1 + K=t), where K2 is a
factor determiningthe rotor speed as a functionof time
(see equation(12)). The constant‘K. is quite simply
equal to the ratio of the initialthrust-to weight”,multi-”
plied by g, the accelerationof gravfty. It is conse-
quentlyapparent that K3 must always exceed g in order
that a jump be obtained. In adtiit~on”,ihe smaller KI
and Ka are for a gi,venvalue of K3, the greaterwill
be the jump; and the greater K3 is with xl and IC2 ‘—
fixed, the greaterwill be the jump.

The alterationin the jump take-offthat will be ef-
fected %y a forwardvelocityduring the jump will %e al-
most entirelycaused by the change in A and consequent-
ly in the inducedlosses in the rotor arising from a value

v Cos aofpJ=— CIR differentfrom zero. The eipr=szionfor

A becomes,when p is not zero,

.~32) ..

and CT and CQ. %oth become dependentupon M to some
extent. If v ‘neverincreasesabove 0.1, and the minimum
speed in level flightusually correspondsto less than that
value, the change in the expressionsfor CT and C- .— ..

-?–
can

be neglectedas a first approximation,and the sti~uton of
theequation of motion can be obtained step by step by con-
sideringonly X to be a functionof V. Equation (32)
shows that A increasesalgebraicallyas V increases”,- >
‘whichmeans that CT will %e greaterand CQ. a-sin~le? .
negativevalue under that condition. It is consequently
obvious that an increasein w will increasethe thrust”
and decreasethe simultaneousloss of kinetic energy in
the rotor, resultingin a greater juRp. The step-%y-step
solutionof the jump take-offwith forwardvelocityhas
not been made, because the value of the results to he ob-
tained was consideredincommensuratewith the labor re- ‘
quired. It is of interestthat the time required for an—- .—
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exist:lngautogiro to attain a forward speed of 25 miles
per hour during a jump take-offis of the order of 2 sec-
onds; this representsthe minimum time that should olapso
before”t~e verticalvelocityreaches zero at the ond of
the jump take-offfor this particularmachine.

EXPERIMENTALINVESTIGATION

Apparatusand Tests..

The model rotor us~d in the jump take-offtestshad
t-hefollowingphysical characteristics:

Blade chord 0.523 ft.

Solidity 0.10

Moment”of inertih (total) 3.23 slug-ft.a

Airfoil section N.A,C.A.0018

The pitch of the rotor bladeswas adjustableon the ground
but was fixed at a constantvalue while the rotor was being
broughtup to speed an”djumped.

—

-.

.

.

The tests were conductedin the return passage of the
full-scale wind tunnel,which providedan en~losedspace
about 50 feet by 200 feet, 70 fewt high. The apparatus
used in the tests is shown diagrammaticallyin figure 5.
Tho moctelrotor A supportedthe ballast B; the rotor
was driven by a 25-horsepowerelectricmotor C through
-pairof’bevel gears insidethe “box D. A means was pro-

a .

vialedfor restrainingthe rotor from risinguntil a ~atch
was releasedby remote @anual control. Cables E moro
attachedto the rotor and rose nith it as it jumped;the
cablespassed over pulleys near tho roof and were wound
upon the drum l?, which was actuated by the counterweight
G. The diametersof the drum F and the pulley to which
the counterweightwas attachedwere fn the ratio of 10:1,
so that neglectingfrictionthe cable tensionwould bs 0.1
times the weight of the countermei~ht. The drum F was
restrainedfrom rotation by a ratchetexcept in such a di-

9

rectionas to wind up tho cables 2; this device prevent-
ed the model from fallingafter tlxacoapletfonof a jump. .

.
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A time history of the height of jump was obtainedby
attachinga cord to the bottom of the model an-drecording
the displacementof the cord, througha reductionmechan-
isms on an N.A.C.A. control-positionrecorderfastenedto
the frame that servedas a base for the motor and driving
mechanism. The rotor speed during a jump was measuredby
photographingthe rotor with a-motion-picturecamera
placed beneath the rotor with its lens axis vertical;time
was recordedon each frame %y photographingsimultaneously
a sweep hand rotatingat one revolutionper second. The
resultanttime history of rotor revolutionsyielded the
rotor speed and angular accelerationby two successive
graphicaldifferentiations.A typical camera record is
shown in figure 6. Initial rotor speedswere, in addition,,
observodon an electrictachometerconnectedto a magneto
driven by the shaftwhich in turn rotated the model.

The tests made were of such a scope as to provide in-
formationon the effect of pitch angle, initialrotor
speed,and disk loadingupon the height of jump. ~nc~it
was necessaryto maintaina small tension in the cables E
(fig. 4), tests were also made at fixed values of the three
primary variablesbut with varying amountsof cable ten-
sion, provided by changing the weight of the counterw”e-ig%t
G. Tests were made with pitch angles of from 6° to 18°,
with disk loadingsof from 0.46 to 1.66 pounds per square
foot, and with initialrotor speeds of from 450 to ?25
r-porn. The initialrotor speedwas limited in some-cases
at large pitch angles because the motor power was insuffi-
cient to increasethe speed further;in other cases,the
limitingrotor speed was that at which the height of jump
reached20 feet to 25 feet, -whichwas consideredas high
as was desirable.

Resuits

The resultsof the model tests are presented in tables
I and II showing the maximum height attained by the rotor
as a functionof the ~itch angle, disk loading, initial
rotor speed, and cable tension;the cable tension Tc as
tabulated is equal to 9.1 times the counterweight. Table I
includesall data taken without measuring the rotor speed
with the motion-picturecamera; the data in table 11 were
,obtainedwhilo t-hocamera was being use,d. .

The form into which the data were transformedis illus-
trated in figures 7 and 8, which show, respectively,the
curves of height and rotor revolutionswith their first
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and secondtime derivatives. All differentiationswere
performedgraphically.

The camera data are plotted in figure 9-in the form
of l,j~ against tine,where .1/S2 is chosenas the de-
pendent variablebecause the slope of the resultantcu-rve
is a d-irectmeasureof the rotor torque coefficient. Ta-
ble 111 presentsa compa-fisonof the measuredand calcu-
lated values of CQ..

In order to check the analysis,calculationsof sev-
eral jumps were made employingthe constantsof the model
rotor,, Since the influenceof the cable tensionon the
jumps was uncertain-,the calculations-weremad-efor sever-
al model weights equal to and less than the actual mode~
weight!as a.napprox~mationof the Izifluenceof t-hecable
tensicn. Th@ results of these calculationsare presented
in figures10, 11, 12, and 13.

Precision

The experimental curves of height againsttime were
o%tainedwithfn limits of *0.2 foot at a given time. The
graphicaldifferentiationof the resultantcurve unfortu-
nately dependsto a large extentupon the fai.ringof the
height curve, so that the vertical-velocitycurvesmay be
in error by as.muchas *1 foot per second. The recordsof
rotor displacementagaim~t-timecould be read to within
*29 of..angular displacement;the angular-velocitycurves,
becauseof graphicaldiffwrmttiat%on,are less accurate
and probablyare in error by as-much as ~0.5 revolution
per second.

Other sourcesof-error in the experimentalwork are
almost negl~gible. The rotorpitch angle was adjusted to
within*0.1 at rest and, since the rotor blade section
was symmetricaland was balancedabout the quarter-chord
point, t-hedynamic twist ehouldhave been small. Any er-
ror fn the remainingphysical constantsof the model can
be neglected.

DISCUSSION

The introductionof approxi&tione into the solution
of the equationsfor the juap take-offrequiresconsidera-
tion of the errors introducedii order to estimate tho
validityof the final re’suits..me two principalapproxl-

.
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mations used are that the torque coefficient CQ be inde-
pendent of the verticalvelocityand that-the axial-flow
coefficient h can be satisfactorilyexpressedby using
only the first term of the expansionof‘theradical in
the exact expression. . .—

The data in figures 1 and 2 demonstratethat the as-
sumptionof constant CQ is reasonablefor the smaller
values of i]flR; in addition,figure 9 verifies the”as-
sumptionexperimentallyfor the case of a = 0.10, since
the curves of l/Cl againsttime depart but a small amount
from straightlines. IT’igures1 and 2 demonstrateth~i the
greaterthe solidity,the greaterwill be the”departureof
CQ from a constantvalue. However, considerationsother
than the jump take-offdictate that full-scaiesolidlties
will approach0.05; for such solidifies,the errors intro-
duced by the assumptionof constant CQ appear to be neg-
ligible.

The approximationtQ h. in which all terms but the ~
first of the binomial expansionof the radicalwere neg- \
lected, introduc=an error demonstratedin figures3 and
4. It will be seen that the approximate A is always al-
gebraicallygreater than the exact A. This conditionis ~
not undesirable,because the jump take-offwill always be ;
made in proximity to the ground p-lane,and ‘fground-effectt[~’
will reduce the rotor inducedvelocityand consequently t
change A in the same directionas the approximation. \$
Unfortunately,the variationof the inducedvelocitywith {’~
distancefrom the rotor has not been.established,so that
the actual magnitudeof the ground effect cannot be esti- \
mated; the effect is undoubtedlyimportantwhile the rotor ~
is less than one diameterfrom the ground, and the resultri-
ant change in A is probably greater than the error in- 1
troducedby the approximation. It is thought that these

\considerationsjustify this approximationas well as the -
first, and that the approximationto A introducesno
serious.error in the analysis.

When applying the analysis,ft is &esirable“tocalcu-
—.

late the“rotorspeed from equation (12) as a function of
time and to use this as a check on the height of rise. If
the rotor speed drops to its normal value before the verti-
cal velocity is zero, the height at this time should be
regardedas the maximum attainable,rather than the height
at which the verticalvelocity is zero with the rotor
speed below normal. This conclusionfollowsfrom the con-
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siderationthat the transitionto normalflight must not
be hampered by the necessityto increasethe rotor speed, *

since such a requirementwould probably result in a momen-
tary loss of height-~

..
The validityof the analysisis attested by figures

10, 11, 12, and 13. The figuresesta.blis&that.the allow-
ance that should be made for the cable tensiop,is consi&- -
erably less than the nominalvalue of this variable,which
is a reasonable result consideringthe”offectsof fri-ctimn
and the accelerationof the cable and drum b-ythe counter-
weight. Figures 10 and 11 show close agreementwhen tho
al.lowanc~sfor cable tensionare 10 pouridsand 15 pounds,
respectively;the nominalvalues of the tensionwere 12.5
pounds and 17.5 pounds. The general form of the height
and ve.loci.tycurves in both figuresagrees quite”clOselY
with experiment. l!igures12 and 13 illustratethe same
point-sas figures10 and 11, except that a srn”allerallow-
ance fur the same cable tensionresults in agreement;the
allowancesindicatedare approximately3 pounds and 7
pounds for the 12.5-poundan”dl’7.%.poundcab-l”etension.
These values are rather Small,aridf.ndicatethat the anal- “
ysis is not as exact at a pitch angle of 18° as at one of
10°.......-.-..~,... -..-----,.-.Z>. ., .. ..—.- -----—-—...._., .-—

It will be,notod In table 111 that the o~eriuental
and calculatedtorque coeff~cien.tsdiffqr %y an appreciable
amount.The ratio of lihecalculatedto the experimental
value is between0.81 and 0.86; the differencebetween the
measuredand calculatedtorquesat a pitch of 14° and a
rotor speed 0-600 r.p.m, is 14 pound-feet. This value is
considerablygreater than could be accountedfor by bear-
ing frictiou, .Thefact that the torque coefficientis in
error at the same time that reasonableagreenent is ob
tained on tho height a~d velocity records indicatesthe
existenceo.fa compensatingerror. It is consideredpos-
sible that the sourceof this compensatingerror is the
ground effect,which would tend toi.ncreasethe thrust of

“’->he-rctto~en it was near the groundplane atino addi-
tional cost in torque. Anotherpossibilityis that the
rotor pitch angle increasedslightlybecause of the dynam-
ic twisk–ofthe rotor blades;while thig twist should bo
quite small,a twist of approximately1 would erplaln
most of the discrepanciesbetween the torque coeff’ixrients
of table 111.

●

Because of the limitationsencounteredduring the .
model tests, it is unlikely that-the experimentalresiilta

—
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obtainedwill be”directlyapplicablein design. They have
serveda useful purpose in attesting the validityof the
mathematicalanalysis,which can be used with more confi-
dence than would have been justifiedwithout experimental
verification.

The principaluses of the analysiswill be: the pre-
diction of the lower limits of the jump take-offfor gtveu
values of the physical constantsof the rotor; the predic-
tion of tho effect of changesin the rotor to o%tainhigher
jumps; and the establishmentof the form of the height and
velocity curves for jumps at constantpitch angles.

Langley MemorialAeronauticalLaboratory,
NationalAdvisory Committeefor Aeronautics,

Langley Field, Vs., August 7, 1936.

REI’ERENCE

—

1. Wheatley,John B.: An AerodynamicAnalysis of the
Autogiro Rotor with a Comparisonbetween Calcu-
lated and ExperimentalResults. T,R. ~~0.487.
N.A.C.A.,1934. ,

.



* . . .

Pitoh
Xnglo

9~,deg.

Disk Initiml Oable
leadingrotorBpeedtension
L

(approx.)

WR8
,lb.fsq.ft.No,r.P.n. To,lb.

I

I I

I

I

I

. .

.

TABLE

Mnxlmm

‘ }
Pltob Di@k Inrtial

1

Oable
height mgle loadingrotorspeui*eneion

w (apprex.)
. n~

~, ft O.,d%. lb./aq.ft.No, r. P.a To,lb.

22.6
21.3
15.8
9.0
‘“i~.7.
1:2
7.2
25.
22.z
22.6
2 .0
{2 .620.
20.2
16.g
1.9
J
I.1:
6.i
g.fi
10,6
w]
8.2
t::

i
.6
:;
6.g
k!
j:

26:3
27.9
lg.a
19.
10.?11.0
16.6
17,4

10
10
10
10
10
10
10
10
10
H
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
ti
10
10
i;
10
10
10
10
I.o
10
10
la
;:
10
10
10
10

I

.6

i
.6
.6
.6

I
.6
.6
:2
i
.6
.6
.6

1

.6

.6

.6

.6

/

:i
::
.6
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
2

1.6
1.6
1.66
1.66
1.66
1.66

!

I

1

1

‘1Pitch Ma
height lmglo loedimg

,’ J$

&, ft 9.,dw. lb~;oq.ft,

12

#
12

H
14
14
16
16
16
16
M
M
M
16
M
16
16
la
la
M
lx
M
IA
M
1#
g

E
la
1s

!

I

I
I

1.66
1.66
1.66
1.66
1.66
1.66
1.66
1.66
1.66
1.66
1.66
1.66
1.66
1.66
M
1.66
1.66
1.66
1.66
1.66
M
1.36
1.6

/

1.6
1.6
1.6
1.
2

i:6
1.6
11.61.36

Ii

Initial
rotorspd

Ho,r.p.m

I

I

Omble
,tension
,appmx.)

T~,lb.

1?
: :5

12:5

i
1.51.5
1.5

I

1.5
1.5
i:31.
1.
1.
i

1?:512.
12.
12.
120
1.

1

I1.
1.
1.
1.
12.
H.

\
::
1.
1.
12.
12.5
12.5

I ‘!
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TABLE II
.—— —-
~itch
angle

eo, deg.
——_____

10
10
10
10
10
14
14
14
14
14
14 ~
14
14
14
14
18
18
18
10
18
18
18
18
18
18
18
18
18
18
18
18

-———————

-———
Disk
loading

~+

lb./sq.ft.
—————— _

1.36
1.36
1.36
1.66
1.66
1.36
1.36
1.36
1.3’6
1.36
1.66
1.66
1.66
1.66
1.66
1.06
1.06
1.06
1.06
1.36
1.36
1.36
1.36
1.36
1.36
1.66
1.66
1.66
1.66
1.66
1.66

Initial
rotor speed

No , r.p.mm
-——— —-

700
650
600
700
700
650
600
599
549
550
647
599
600
600
650
500
500
550
550
550
550
497
500
600
600
550
550
59’7
603
64,7
647
—.—

Cable
tension
(approx.)

T=, lb.
.———

17.5
17.5
17.5
17.5
17.5
17.5
17.5
17.5
17.5
17.5
17.5
17.5 r
17.5
17.5
17.5
17.5
17.5
17.5
17.5
17.5
17.5
17.5
17.5
17.5
17.5
17.5
17.5
17.5
17.5
17.5
17.5

Maximum
height

Hmax’ ftm
——— .—.

9’.2
6.3
2.6
4.5
4.2
14~6
9.9.
9.5
5.0
5.2.
7.0
4.0
5.0
4.8
‘7.9
11.0
11.3
17.7
16.6
9.2
9.2
5.0
3.8
13.5
14.0
4.1
3.8
7.7
7.’?
10.4
10.2



.

.

Pitch angle

e~, deg.
-—_—— ______

10

14

18
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TABLE III

1(-)‘ii
‘dt

sec./rad.—— .
sec.

0.00525

.00812

.01273

.—-— ————— —

Mess.

CQ
-————.-— ——.-
-0.000’726

-.001122

-.001760

Calc.

CQ

-0.000587

-.000969

-.001460

—— —————

.

.

.
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Figure1.. CalculatedtorquecoefficientCQ asa functionof the
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E’igure3..Calculatedaxial.flowcoefficient~asa functionof the
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exactandapproximatesolutions.a = 3.05.
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exactandapproximatesolutions.o = 0.10.
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R.A.O.A. Teohnical Rote No. 582 Fig‘* 6

Figure6.-Sempletestreoord of rotordisplacement,
epeedjandaccelerationagainettime.
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Figure11.- comparj.son of measuredand calculatedheight and verticalvelocityagainst
time. W= 83.3 lb, (30=100, No= 700r.p.m., !rC=17.5 lb.
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